In order to analyze the deformation characteristics and mechanisms caused by high tectonic stress in gentle dip strata, a physical modeling with circular tunnel was designed. The model was constructed by the so-called "Physically Finite Elemental Slab Assemblage (PFESA)" to bring about the structural effect of the deep strata. The gravity was fixed while the lateral pressure increased step by step to mimic high tectonic stress. In order to observe the displacement in different area, the sketches of monitoring points and frame in the model surface were drawn down through video pictures in different periods and to be compared. For the sake of analyzing the deformation and failure mechanism of layers, rock structural mechanics models were set up for the left side and right side in the same stratum, respectively. For verifying the experimental phenomenon and its mechanism, infrared images were utilized based on the temperature variation mechanisms of material. Through systematic study, this paper enriches the research methods of model test and can provide a certain reference for practical engineering of similar conditions.
Introduction
With the decreasing shallow resources, mining industry starts to focus on extracting deep underground resources. The environment makes the deep rock mechanical characteristics and engineering responses very distinctive [1] [2] [3] [4] . Rock stratum is much weaker in deep underground than it is at shallow depth due to the higher surrounding stress. Therefore the rock stratum is more prone to generate large deformation. Serious deformation can cause the roadway to narrow, hinder transport, and affect normal production [5] .
The most widely used method is numerical simulation when analyzing the formation of deformation. References [6, 7] used numerical analysis to study floor heave and deformation in swelling ground under high humid condition; reference [8] revealed the way of water inflow in mine based on evaluating stress redistribution and strata failure; reference [9] used different numerical modeling techniques (continuum, discontinuum, and hybrid discrete finite element) to model the deformational behavior of coal strata. Although it is laborious to construct, physical modeling has been indispensable and played a key role in understanding the mechanism of deformation and failure in deep roadway [10, 11] . A large-scale physical model can avoid scaling problems of parameters and variables, but is expensive to build. In recent years, a new physical modeling technique, that is, the Physically Finite Elemental Slab Assemblage (PFESA), has been proposed to construct large-scale geological physical models for mimicking stratified rock masses [12] . Although the Elemental Slabs are made of artificial materials, the physical and mechanical properties are similar to the real rocks. The PFESA uses specimen-sized rectangular plates-the Elemental Slabs, which can be put into mass production with a low cost. The expenses of constructing a large-scale physical model are largely reduced.
In this paper, the PFESA technique is used to build a large-scale geomechanical model to mimic deep gentle inclined stratified rock mass. A video camera and an infrared thermal imager are set up to observe the deformation and temperature variation of the model before and after excavation of the circular roadway under symmetrical loading. The measurements can help us understand the deformation 2 Advances in Materials Science and Engineering 
Physical Model Construction
Deep rock masses in China coal mine can be generally divided into three categories, that is, sandstones, mudstones, and coal rocks [13] . [12] [13] [14] [15] [16] [17] [18] . Among them is the contact alley in the north wing at the −1000 m level, whose structure of the strata is that the roof is sandstone, the body of excavation is coal, and the floor is mudstone; the inclined angle is 10 ∘ to 15 ∘ . In the process of excavation, phenomenon of floor heave and shrinkage of two sides are serious and in an asymmetric situation. The material properties of the real rocks are shown in Table 1 .
The dimensions of the physical model are 1600 × 1600 × 400 mm 3 and the roadway is designed as a circular space in the center of the model with the diameter of 300 mm. The geometric similarity factor is selected empirically as = 10, which met the requirements in experimental system operating instruction of physical models in deep mine engineering. In addition, the physical model should also satisfy other similarity theories, including the stress similarity factor, defined as = 10; the volumetric weight similarity factor which can be derived by the relation:
The PFESA technique is employed here. This method utilizes assembly of rectangular plates which are made of artificial materials according to "similarity theory." In order to simulate the inclined rock strata, large numbers of these slabs are arranged at the specified orientation, which is 10 ∘ in this case. The elementary slabs (i.e., similarity material) in former tests carried out in CUMTB are cubic gypsum plates, as shown in Figure 1 (a), which are produced based on different ratio of water-gypsum. The dimensions of the elementary slabs are 40 × 40 × 3 cm 3 , 40 × 40 × 2 cm 3 , and 40 × 40 × 1 cm 3 , respectively. The model had three strata in total, sandstone layers, coal seam, and mudstone layers, from top to bottom, which is illustrated in Figure 1(b) . The material properties of the elementary slabs are reported in Table 2 .
Loading Conditions and Test Procedures
The whole loading scheme of the test includes three processes: (1) process to establish the in situ stress conditions (i.e., initial condition before mining activities start); (2) simulated roadway excavation process; (3) process of adjusting lateral pressure until the model is damaged if the model had not failed after process (2) .
In situ stress condition was established by applying horizontal load (to mimic the tectonic stress) and vertical load (to mimic the gravity of the overburden) on the model, in a plane stress state. The "Geological Disaster Simulation Testing Machine whose model type is YDMC-C" was equipped with a host machine, specimen mold, truck, hydraulic control system, and data collection system. By using YDMC-C, the top and two side boundaries were imposed uniform load, respectively; the bottom of the model was fixed on the basement of the machine. The model imposed load gradually until vertical load 1 and lateral load both reached 2 MPa; 1 corresponded to the depth of 800 m (i.e., mining depth) when generalized average volume-weight of the original rock was selected as 25 kN/m 3 . Boundary stress condition applied on the physical model was shown as in Figure 2 . The model was excavated through 5 steps; each step went forward 8 cm; the lateral pressure coefficient in this process was = 2 / 1 = 1. In the following steps, the vertical load remained unchanged and increased the lateral load gradually until the model was destroyed to investigate the influence of the lateral stress. The finally vertical load imposed on the physical model was 2 MPa Advances in Materials Science and Engineering and lateral load was 3.6 MPa before the model ultimately failed. The process of the physical model experiment is illustrated in Table 3 .
The Failure Process

Procedural Images Analysis.
After excavation and the subsequent stabilization finished, the following fifth-eighth steps of lateral loading were started in turn. The deformation of model occurred and the destruction finally appeared during the process. As shown in Figures 3(a)-3(d), the deformation of the model was small caused by the fifth to seventh loading step. About 1 minute after the eighth loading step, the coal and the mudstone nearby moving towards the left respond to the lower right pressure heads stretched out gradually. Floor heave and shrinkage of right side of the tunnel turned up, as shown in Figure 3 (e), and the process lasted about 2 minutes. Then the lower right pressure heads were almost unchanged, but the lower left pressure heads started to run out at a rapid speed. In less than 1 minute, the material in the lower left area moved towards the right, and the left side of the tunnel shrank and floor heave got further development, which can be seen in Figure 3 (f). Figure 3 (g) shows the rock mass near two flanks and bottom of tunnel ran into interior and the material in lower part of the model peeled off, and the experiment came to an end. During the whole test process, the quiet period accounted for the most of the time (0-440 min), and then obvious deformation popped up in about 3 minutes and divided into two parts as mentioned above. Ultimately, deformation of the tunnel was heavy and asymmetric.
Stacking Sketches Analysis.
In order to analyze the deformation and the movement of the model, a concentric circle with three times the radius of the tunnel together with its external square and the whole model outline are painted as the observation frame. Every 45 ∘ four equal diversion points are also painted on the segment between the tunnel and the concentric circle along the radius direction and are regarded as displacement observation points, which can be seen in Figure 3 . The observation frame and points would be sketched out on the screenshots demonstrated in Figures 3(a)-3(f), respectively. The sketches are superimposed to observe the deformation of the model and the displacement of the observation points, in a qualitative rather than exquisite quantitative manner.
Through the video picture, as Figure 3 shows, the deformation of model can be hardly observed by naked eyes, but it can be found through observation from the stacking sketches shown in Figure 4 .
By observing the locus of points in Figure 4 (a), in the first destroyed process, the displacement of the rock mass in the upper side and left side of the model is small. The displacement directions of the layers in the upper right side and right side are basically parallel to the strike direction of strata, as the yellow oval frame marked in Figure 4(a) shows. The displacement directions of the monitoring points in down side and lower right side have a certain angle to the strata, as the blue oval frame marked in Figure 4 (a) shows, indicating the shearing action would appear along with the displacement; it is a shearing slide motion here. Great change also turns up in the first destroyed process, as shown in Figure 4 (b). Large movement takes place in the lower left area and the down side of the tunnel in the second destroyed process, which can be seen through observing the locus of points in Figure 4(b) , and has the same trend towards the tunnel, as the dark blue oval frame marked in Figure 4 (b) shows. The strata in the lower right side move towards lower right as a whole, as the red oval frame marked in Figure 4 (b) shows, and finally peel off, which can be seen in Figure 3 (g).
Mechanism of Deformation and Failure of the Model
Analysis Based on Rock Structural Mechanics Model.
Taking advantage of rock structural mechanics [19] , combining the situation of the model test, the rock structural mechanics models are established, as shown in Figure 5 (a). For the same rock layer, the surrounding constraints are elastic because the rock has a certain elastic deformation. and are the loading provided by the constraints, and is the loading provided by hydraulic equipment.
For the same layer, as shown in Figure 5 (b), the mechanical analysis of the left side is
As shown in Figure 5 (c), the mechanical analysis of the right side is
where is the horizontal resultant force; is the vertical resultant force; is the horizontal load; is the vertical load; is the frictional force; is the axial force along the stratum; is the interlayer pressure.
As is not the same, there would be a certain torque for the layer and the subsequent clockwise movement trend would appear; hence, the left top area of the model is lower than that of the right top area, which can be observed in Figure 3 .
The actuating range of these two mechanical analysis models, as V has the same effect for these two models, depends on the influencing distance of , which is created by the pressure heads. In no excavated area, the sliding should conquer and and the sliding space is necessary, which comes from the construction gap and elastic deformation of rock itself. The value of and is as the equation, respectively:
where is the elasticity modulus of stratum along the layers; Δ is the deformation of the rock in the actuating range of ; is the frictional angle of rock interface. When > + , the sliding would happen. of the right side is larger and is smaller than that of the left side, so the layers in the right side are prone to slide, while it is more difficult for the strata in left side and they become more close. As a consequence, the mechanical analysis model of the right side has a broader actuating range than that of the left side. The lower strata are coal seam and mud stone, which have a lower elasticity modulus than that of the upper sandstone strata, and are easier to slide. Hence, the coal seam and mudstone in the right side of the model are the easiest parts to slide.
After excavation, it turned into bidirectional compression stress state along the tangent direction of the roadway from triaxial stress state in a certain range of surrounding rock. Because there is no supporting measure for the tunnel, equals zero, when the friction between layers was overcome, and the strata move towards the tunnel along the inclined direction of strata. As shown in Figure 3 (e), the right side of the tunnel was prone to slide that it is the first place where there was sliding to the roadway. As shown in Figure 4(a) , the strata around the roof and floor generated shear failure easily along the shearing slide movement and the displacement directions have a certain angle with the strata, so they are 6
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Parallel to the strata A certain angle to the strata the dangerous places. The left side of the model was hard to slide and the upper part of roof was sandstone where shear modulus was high; it was difficult to generate shear failure by shearing sliding and it was easy to slide for the lower coal and mudstone strata, and the shear modulus of them was low; the floor conformed floor heave easily that is consistent with the experimental results as shown in Figure 3(e) .
With the growth of the lateral pressure coefficient , of the right stratum became smaller than before, while became larger, and it was more easy to slide to give rise to shrinkage of right flank and to cause floor heave through shearing slide of the lower right strata of tunnel. In the meantime, of the stratum in the left side of model got larger, and the strata became compacter than before. The model was in a stable state during the processes that were from the fifth loading to seventh loading. During the eighth loading, the balance was broken, and shrinkage of the right flank and floor heave occurred. The mechanical strength of material in the down side and lower right side of roadway decreased along the shearing slide and cannot provide enough resistance to the lower left compacted layers moving towards right as a whole, and the second destroyed process, and shrinkage of the left flank and floor heave took place at a rapid speed.
Infrared Image Analysis.
Infrared (IR) thermography, as a nondestructive, remote sensing technique, has been widely used in detection of the onset of unstable crack propagation and/or flaw coalescence for concrete and rock, based on the fact that the heat generation is caused by the intrinsic dissipation due to elasticity and inelasticity of the material under external loading [20, 21] . The variation of temperature consists of three parts [22] :
where Δ is the temperature variation in total; Δ 1 is the change due to the thermoelastic effect, and for plane stress state, if Δ 1 + Δ 2 > 0, Δ 1 > 0 and vice versa [23] ; Δ 2 is the temperature decrement on account of formation and development of fissures, joints, and fractures, which consume energy; Δ 3 is the temperature increment from the frictional effect of fissures, joints, and fractures, and it is always positive. During deformation and failure process of rocks, thermographic imaging records temperature variations on the surface in view and displays it as infrared images with false colors, where a high temperature (in warm color) denotes shear fracturing from the frictional effects; low temperature (in cool color) represents the tensile fractures indicating permanent plastic damage [24] [25] [26] . The analysis of infrared images can provide a further validation and extension of the mechanism of deformation and failure.
The infrared camera CX320 (by Korea) shown in Figure 6 (a) was used for monitoring of experimental tests. The IR measurement is performed with the given calibration temperature within the range of −20 ∘ C to +120 ∘ C at an accuracy of ±2%; minimum measured temperature difference is 0.075 ∘ C. Each infrared image contains 384 × 288 pixels. According to the experience of the physical modeling tests, we just use 370 × 274 pixels of infrared image for analysis, in order to eliminate the influence of stress boundary. The region of 370 × 274 pixels of infrared image is marked as a black frame in Figure 5(b) . The temperature scale in infrared images is divided equally between the highest and lowest temperature. The infrared images taken around the same time with those of Figures 3(a)-3(d) are shown as in Figures  6(c)-6(f) , respectively. Figure 6 (b) shows the temperature distribution of the model surface before excavation. The most outstanding characteristic is a certain width in the left side of the model and is in warm color, which is marked in red frame in Figure 6(b) , and the lower right area presents a low temperature state, which is marked in blue frame in Figure 6 (b), and there is a transition region between the red frame and blue frame, which is marked in black frame in Figure 6 (b). In (5), Δ 1 should be positive due to the load of the mimetic load of the in situ stress; Δ 3 is always positive, so the decrement of temperature comes from Δ 2 . Because the tensile strength of the rock is low and is further below compared to the compressive strength, when bending took shape, tensile fractures came along with it. The cold color indicates a certain bending was formed due to the small interlayer pressure in the lower right area and it was easy to produce a certain amount of shape vertical to the strata along with the sliding movement, which was small and was hard to be found by naked eyes. The warm color came from the increment of Δ 1 and Δ 3 ; the strata combined closely in this area, and the functions of stress and friction were obvious. Hence, layers contacting closely is a necessary condition for the increment of temperature, and the model was constructed by slabs to form the layered structure of the rock; if the layers are loose, the bending would happen and the temperature would decrease.
As shown in Figure 7 (a), the average temperatures of ROI (region of interest) were used to observe the temperature variation of a certain region. 10 × 10 pixel 2 regions were set along the height of the model in the left side and right side to analyze the temperature variation tendency along the height; 5 regions with the same size were set along the inclined orientation of the strata in upper part, middle part, and lower part of the model to observe the temperature trend from left to right.
As shown in Figure 7 (b), the temperature from bottom to top kept increasing both in the left side and in the right side, which was related to the loading applied to the model. For the strata in the right side, affected by the torque, its temperature maintained growth. The temperature difference between the upper region and lower region reached 0.92 ∘ C, because the upper region presented a trend of increase and was in warm color while the trend of the lower area decreased and was in cool color, as shown in Figure 7 (a). When coming to the left side, the temperature difference was 0.67 ∘ C, and the temperature increased in a gradually increased speed along the shorting of distance to the pressure head. As shown in Figure 7 (c), the temperature distribution from left to right both gradually reduced till the fourth area and then got Advances in Materials Science and Engineering a growth in the last area. The Saint Venant principle can influence the surrounding of the model as shown in Figure 5 . The temperature of model corners is anomaly. The actuating ranges of the two analysis models as discussed in Section 5.1 can be distinguished by colors, especially in the lower part of the model, where the highest temperature difference reaches 0.71 ∘ C, and there was a thermometric cross area which was a transition region connecting the regions of two colors. As shown in Figure 7 (a), the width of the cool color was broader than that of the warm color, and the mechanical analysis model of the right side had a broader actuating range than that of the left side, just as Section 5.1 speculated.
After excavation, a circle of red color appeared, as marked in Figure 8(a) , because the material was under axial compression of high stress, and shear fracturing came along with it. The overall distribution change was small between the fifth and the seventh load as shown in Figures 6(c)-6(f) . Two ROIs of 20×20 pixel 2 were set to observe the temperature variation along the destroyed processes.
Area 1 was pointed in the lower part below the tunnel where the displacement was obvious in the first destroyed process. Area 2 was set in the lower left side of the tunnel where the strata were compacted and moved as a whole in the second destroyed process. The temperature-time curves of two areas were as shown in Figure 9 (b). After the beginning of the eighth loading, the region of cool color in lower right area started to contract and it turned into warm color gradually, as shown in Figures 8(a)-8(e) , and manifests the original loose layers became compact along the shearing slide movement towards tunnel, and the effect of friction was obvious. The relevant section of the curves both rose up from the beginning till 94 s, especially that of area 1, and the increment reached 0.30 ∘ C. Later on, the temperature of area 1 first rising and then falling off manifests the shearing slide made the strata be compacted first; the falling off showed signs of bending and breakage of slabs when combining the picture of test as shown in Figure 3 (e), although it was still in a state of high temperature than before. Although several small sudden drops have been undergone, the temperature of area 2 kept going up basically, indicating that the strata around it are still compact.
The second destroyed process was as short as about 40 s, and the curves had the same trend as the first destroyed process: the curve of area 2 kept increasing basically; the trend of area 1 started to drop after the temperature increasing in the beginning period. The impact of the extrusion from the left strata which have integrated closely as a whole made the broken strata around area 1 become compact and the friction between the fractures and joints was obvious, the temperature rose rapidly, and then the strata became loose gradually and its temperature kept dropping and finally peeled off into pieces, just as shown in Figure 3 (g).
Conclusions
This paper analyzed the characteristics and mechanisms of deformation based on the physical model test on deep circular roadway in layered rock. The main conclusions were summarized as follows.
The model was finally destroyed by floor heave and shrinkage of two sides. The direction of displacement which caused shrinkage was along the direction of the strata tendency, indicating that the occurrence of shrinkage should only conquer the friction between the layers. There was a certain angle between the direction of displacement which caused floor heave and the layers which manifested the formation of floor heave.
The inclined angle made the stress state of the left side and right side of the model different and affected the trends of movements. The strata in the right side were easy to slide, especially the lower coal seam and mudstone; the strata in right side were hard to slide and become compact. After excavation, combining the increasing lateral pressure coefficient, the movement trends were more obvious; the sliding of the strata in the right side of tunnel triggered the shrinkage; the shearing slide in lower side of tunnel gave rise to floor heave.
Low temperature state indicated tensile fractures generated in lower right area because of bending of layers which was under small interlayer pressure and large trust force. The color of the left area was warm because of result of the frictional influence. The width of the cool color was broader than that of the warm color along the dip orientation of the strata in the lower part of the model, and the mechanics analysis model of the left side had a broader actuating range.
The temperature trend of the strata in the shearing slide area increased rapidly first and then dropped slowly both in two destroyed processes. In the first process, the increasing indicated the strata became more compact than before along the shearing slide; the dropping manifested the formation of bending and breakage. In the second process, the increasing manifested the frictional function of the fractures and joints under the impact from the left compact layers; the decrement meant the strata became loose which corresponded to the final destroyed phenomenon. The temperature of the lower left area where strata moved as whole kept increasing basically and the increment mainly came from the friction effect.
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